The objectives of this study were to investigate the relationship between the ultrasonic vibrations of a specimen, with a vertical surface crack, and the thermal response. The heat required to be liberated by the defect to obtain a detectable surface temperature rise was modelled analytically for energy liberated only at the crack tip and over the sides of a crack. Experiments were carried out on a nickel based superalloy plate with a vertical surface crack. The strain around the defect and thermal image were measured simultaneously. Parameters were varied to change the strain to enable a correlation between the strain and surface temperature rise. From this the energy released from the defect was estimated using an optimisation algorithm.
Introduction
Thermosonics, or vibro-thermography, uses vibrational energy to excite a specimen, as oppose to conventional thermography for NDE that is optically stimulated. If a defect is present the vibrational energy maybe converted into heat energy at the defect and the surface temperature rise detected using a thermal imaging camera.
Several papers have been published discussing the advantages of this technique over optically stimulated thermography and have shown it is capable of detecting many types of defects in several materials [1, 2, 3, 4] . The main advantage of the heating method is that it is able to reveal defects that optical thermography cannot. These include vertical surface cracks and some types of impact damage in CFRP [3, 5] . The use of lock in techniques has been shown to have advantages over pulse heating [6, 7] . It has also been shown to detect some defects at deeper depths than optical thermography [1, 8] . There are two main disadvantages of thermosonics: it is a contactive technique and a large power consumption is required by some systems to detect defects.
A quantitative study of the energy required to obtain a detectable surface temperature rise for vertical surface cracks has been conducted. The energy liberated by the defect and the strain in the bulk material have been investigated. This information will further the understanding of the heating process and should lead to the optimisation of the excitation scheme to minimise the amplitude of excitation.
Analytical simulations
There are two mechanisms by which heat is considered to be liberated by a crack. A rubbing action can cause the sides of a crack to heat up and an increased H.12.2 strain at the crack tip causes increased heating due to the thermoelastic effect. Evidence has been shown suggesting that both these cases can occur [4, 9] either independently or simultaneously. Thermosonics has previously been modelled by considering the excited crack as an embedded heat source [10] and that heat is given off over the whole area of the crack. The response at the surface was modelled only for a continuous step function and the results showed a good correlation to empirical data.
In this work the thermal response for vertical surface cracks has been modelled analytically for a finite pulse. Both heating only at the crack tip and over the area of the crack were considered. The models were used to ascertain the energy required to be generated by the defect for a detectable surface temperature rise. This was completed for nickel based superalloy, steel and aluminium. The material properties used are shown in table 1. The models were also used for physics based curve fitting to estimate the energy liberated by actual defects.
The assumptions made for the analytical model were the crack depth was uniform, the material was homogeneous, the crack was long enough that edge effects were ignored, the radial heat flow was the same in all directions and there was adiabatic conditions at the surface.
These assumptions enabled the crack to be modelled in two dimensions. The solution for heating only at the crack tip was found by modelling the heat generated at a line source for continuous heating in infinite space, Carslaw and Jaeger [11] , and is given in Eq. (1). The response for a finite pulse was found by substituting the solution into Eq. (2).
Where Tp is the response from a pulse of τ seconds at time t a distance r from the line source liberating energy at Q0 Watts per m. α is the thermal diffusivity and k is the thermal conductivity. Ei is the exponential integral and δ() is the Heaviside function.
It was assumed there was no heat flow across the surface and this was satisfied using the technique of images. The temperature at the surface was found to be twice as in an infinite solid.
The response for heating over the sides of the crack was found by integrating the solution for the line source over the depth of the crack, Eq.(3). The response for a finite pulse was again found by substituting Eq. (2) into Eq. (3). The energy required to detect a 10mm long crack excited for 0.5 seconds using a camera with a thermal sensitivity of 0.1 0 C was calculated for cracks with depths from 1mm to 7mm. The results are illustrated in figure 1. The heat liberated by the crack was about 0.5 to 2W if the heat was assumed to be liberated at the crack tip, but less than 0.5 W if the energy was considered to be liberated over the sides of the crack. The difference between the two mechanisms occurs since there is always a heat source close to the surface for the heat been given off at the sides of the crack. The energy required is significantly lower than the 1000W of electrical power that has been used is some previous studies [4] and suggests very little of the electrical energy is converted to heat energy at the defect.
Experimental Method
The vibration around the crack and the thermal response were investigated for a 3 mm thick nickel based superalloy plate with a 20mm long surface crack. A strain gauge was placed on the specimen at the same position of the crack, but on the opposite face. The specimen was excited from the back face and observed from the front face. The strain was varied whilst simultaneously measuring the thermal response. Thus obtaining a relationship between the strain and the surface temperature rise. Pulse stimulation was used, since it is simpler to infer the energy liberated at the crack tip from a pulse stimulation response as oppose to lock in thermography. The pulse time was 0.5 seconds.
A Branson 20KHz horn was used to excite the specimens, powered by an amplifier capable of providing 400W. A Cedip Jade infrared camera was used to obtain the thermal images.
Experimental Results
The increase in surface temperature for a 0.5 second pulse was compared to the strain, figure 2. The surface temperature rise was linearly related to the strain. These results tie in with work from a previous study [12] . The results show that a strain of 80-90µε would be required to achieve the minimum detectable surface temperature rise, about 0.1 to 0.2 0 C, for the crack used in this study. Using the assumptions made for the models it was possible to estimate the energy liberated at the defect for both heating mechanisms. This was achieved by physics based curve fitting. An optimisation algorithm was used, on the transient response, that fitted the crack depth and the energy liberated at the defect. This was possible since the shape of transient response curve is dependent on the depth. An example of this is shown, for both heating mechanisms, in figure 3. Both mechanisms can be made to fit the data, but with different crack depths. The curve fitting shows the model data correlates well to the empirical data. It also uses the model data to infer more information about the system that will further the understanding of the thermosonic process.
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The optimisation algorithm was used to estimate the heat liberated by the defect for all the trials, the results are shown in figure 4. The energy liberated at the crack tip is linearly related to the strain in the bulk material. This could be inferred from figure 2 since the temperature rise is directly proportional to the energy, as shown in Eq. (1) and (3). To obtain these results the depth of the crack had to be fitted to the data. The optimisation algorithm estimated the depth to be about 286µm for heating at the crack tip only and 705µm for heating over the sides of the crack. Using these assumptions for crack depth the energy liberated at the defect was between 0.3 and 0.9W for the two mechanisms. By assuming semi-infinite space this technique has over estimated the heat liberated and the crack depth. Continued development of the modelling will improve the estimation of the energy liberated at the defect.
Discussion
A good correlation between the real and model data was obtained for both heating at the crack tip only and heating over the sides of the crack. It was not possible to determine, from the curve fitting, which heating mechanism is present for this sample. If the depth was known then this could be deduced, but since further tests are being carried out on this specimen it has not been possible, as yet, to section it, enabling measurement of the crack depth.
Evidence shown in the plots of temperature rise and heat against strain, figures 2 and 4, suggest that there is a strain threshold that must be obtained for the defect to heat up. For this crack this is approximately 80µε. If heat was liberated as a consequence of an increased strain at the crack tip one would expect a heat generation at the crack tip for any strain in the bulk material. If rubbing was present then the friction between the surfaces of the crack would have to be overcome before heat was generated and a strain threshold to activate heating would be expected. Thus these results suggest there is heating over the sides of the crack in this example.
This preliminary study has shown it should be is possible to estimate the energy liberated at a crack tip using physics based curve fitting. This work, though, has only been carried out on a single sample and more results are required to confirm the success of this approach.
Conclusions
Analytical models have been produced for pulsed heating for two heating mechanisms: heating only at the crack tip and heating over the sides of the crack. Experimental trials were conducted to ascertain the relationship between strain in the bulk material and surface temperature rise as a consequence of the crack. Physics based curve fitting was used to estimate the energy liberated at the defect and it was shown that both the temperature increase and the energy liberated at the defect were linearly related to the strain in the bulk material. This study has shown that by using physics based curve fitting and studying the strain in the material information can be gained to further the understanding of the heating mechanism of thermosonics.
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